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Abstract 27 
 28 
Coastal zones are productive areas of marine ecosystems which are also hotspots of 29 
anthropogenic activities causing habitat degradation. In the southwest Baltic Sea, 30 
eutrophication is thought to have caused the massive reduction in submerged 31 
macrophytes observed in recent decades. Here, we surveyed the submarine 32 
vegetation and examined locations of spawning of herring (Clupea harengus) in the 33 
Greifswalder Bodden, one of the most important reproductive habitats of the Western 34 
Baltic Spring Spawner herring stock (WBSS). This stock deposits eggs onto 35 
submerged vegetation and changes in macrophyte coverage are expected to 36 
influence the availability of reproductive habitat. Aerial, underwater video tows and 37 
SCUBA surveys conducted in spring 2009 revealed that only ~7% of the lagoon was 38 
vegetated. Herring eggs were observed on 12 of 32 SCUBA transects, at depths 39 
between 0.2 and 5 m and were attached to a variety of spermatophyte and algae 40 
species but not to stones or mussels. A classification tree model indicated that 41 
spawning sites were strongly associated with the vegetation cover within a 100- and 42 
500-m radius, implying that herring schools preferentially spawn on dense and large 43 
underwater meadows. Only ~5% of the lagoon now falls into this vegetation category. 44 
Despite 20 years of efforts to reduce eutrophication, no increase in macroalgae and 45 
spermatophyte vegetation towards the historical level of 90% coverage in the area is 46 
apparent. 47 
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Introduction 48 
Degradation of coastal habitats has been observed world-wide (Lotze et al., 2006), 49 
but the coastline of the Baltic Sea is particularly disturbed by pervasive human 50 
activity (Elmgren, 2001, Korpinen et al., 2012). Over the course of the 20th century, 51 
intense benthic trawling and eutrophication resulted in a dramatic change in the 52 
percentage cover and species composition of submerged vegetation in the Baltic Sea 53 
(Gibson et al., 2007, Olsen et al., 2007).  54 
The Greifswalder Bodden (GWB) is an estuarine lagoon along the south-western 55 
coast of the Baltic Sea which has also undergone marked reductions in submerged 56 
aquatic vegetation (Munkes, 2005). Specifically, dramatic increases in the intensity of 57 
agriculture and urbanization of the lagoon’s catchment area between 1950 and 1990 58 
caused strong eutrophication and a shift from a macrophyte- to a phytoplankton-59 
dominated system (Munkes, 2005). The GWB is one of the key spawning areas of 60 
the Western Baltic Spring Spawner (WBSS) herring stock (Clupea harengus) 61 
(Oeberst et al., 2009, Biester, 1989). Generally, Atlantic herring are benthic spawner 62 
and WBSS herring depend on submerged vegetation or other surfaces to which the 63 
eggs can adhere (Scabell, 1988). Due to their homing behaviour, spawning areas 64 
such as the GWB are used by WBSS herring every year (Polte et al., 2013) and large 65 
schools of adult herring have been documented for centuries (> 700 years) in the 66 
area (Biester, 1989). The local spawning season is a 12- to 14-week period from 67 
early March to early June and involves several spawning waves (Scabell, 1988). 68 
Embryos hatch 6 to 30 days after fertilisation depending on ambient water (5-19°C) 69 
temperatures (Peck et al., 2012). Hydrographic modelling suggests that most larvae 70 
are retained in the GWB (Bauer et al., 2013) until they have developed strong 71 
foraging and swimming capabilities (at ~ 20 mm standard length). As adults, WBSS 72 
herring can perform large annual migrations from spawning to feeding areas partially 73 
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in the central Baltic and North Sea where they mix with other herring stocks. Due to 74 
this mixing, historical changes (>25 years) in WBBS stock size cannot be simply 75 
extrapolated from the regional landing statistics and reliable stock assessments are 76 
only available since 1991 (Payne et al., 2009). From 1991 to the present day, the 77 
stock size has substantially declined likely as a result of overharvesting and a recent 78 
period of low recruitment starting in 2004. It is thought that year-class strength of 79 
WBBS herring is mainly determined by changes in egg and early larval mortality 80 
(Oeberst et al., 2009, Polte et al. 2015) but the underlying factors and mechanisms 81 
are not known (ICES, 2012). Degradation of suitable spawning habitats might be a 82 
factor as it is known that spawning habitat loss caused the collapse of coastal spring 83 
spawning herring in the North Sea (Zuiderzee herring) in the 1930s (Wolff, 2000).  84 
The present study aims a) to locate and investigate spawning sites of WBSS-herring 85 
in the GWB and to assess spawning habitat characteristics, with a special focus on 86 
the role of macrophytes, and b) to identify distribution, coverage and depth limitations 87 
of macrophytes in the area. To fulfil these tasks, we collected data with  88 
 aerial imagery (for macrophyte coverage), towed underwater video transects (for 89 
macrophyte coverage and depth limits) and diver surveys (for herring spawning site 90 
investigations and macrophyte depth limits) during the herring spawning season in 91 
2009.  Diver surveys already are a standard methodology for assessing Pacific 92 
herring (Clupea pallasii) spawning sites (Hay and Kronlund, 1987). However, for 93 
Atlantic herring, in situ data from (SCUBA) observations of their subtidal spawning 94 
habitats are much more limited. We compare our findings to the historic situation of 95 
macrophytes in the area and discuss possible effects of habitat degradation. 96 
 97 
Materials and Methods 98 
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Study area 99 
The Greifswalder Bodden (54.2°N 13.6°E) has a surfa ce area of 573 km2. Water 100 
depth is on average 5.8 m and reaches a maximum of 13.5m in the eastern part (Fig. 101 
1). The sediments in shallow areas are mainly sand and clay-gravel mixture while 102 
deeper areas tend to be muddy (Katzung, 2004). Apart from several extended 103 
boulder fields located in the central and western area of the lagoon, hard substrate is 104 
generally sparse. The lagoon has two connections to the Baltic Sea, a large opening 105 
with a shallow sill in the east and a narrow channel on the western side (Strelasund). 106 
Salinity fluctuates between 5.3 and 12.2, with an average of 7.4. Water temperature 107 
changes seasonally from a minimum of -0.5°C in wint er to a maximum of 24°C in 108 
summer. There are no measurable lunar tides and water circulation patterns are 109 
mainly wind-driven (Bauer et al., 2013). Wind-induced convection results in a well-110 
oxygenated water column. Wind-driven advection of water masses between the 111 
GWB and Baltic Sea generates water level fluctuations of up to 1.5 m near the coast. 112 
During periods of high water, caused by north-easterly winds, water masses flow 113 
from the Baltic Sea into the estuary, renewing its waters about 8 to 12 times per year 114 
(Munkes, 2005). 115 
 116 
Data collection  117 
 118 
Aerial imagery  119 
An aerial survey was performed on 3 April 2009 (Blom Germany GmbH) during 120 
stable atmospheric conditions and digital photographs were made at an altitude of 121 
4,500 m using an UltraCamD delivering a ground resolution of 40 cm per pixel. The 122 
image survey with an end lap of 80 % and a side lap between the different strips of 123 
40 %, covered a total area of 900 km2 of the GWB and the surrounding landscape. 124 
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The inner area of the GWB was omitted from the survey, since that area has water 125 
depths > 5 m and macrophytes were unlikely to be detected with aerial imagery. 126 
Secci disk measurements made three days before the survey confirmed an average 127 
visual depth of ~4 m. A direct orientation approach was used for precise geo-128 
referencing of the imagery, including a highly accurate GPS-receiver used in 129 
combination with an inertial system (GPS / INS) with an expected accuracy of 1 m. 130 
Both true colour (RGB) and infrared (CIR) images were obtained. 131 
 132 
Video tows 133 
To complement and validate the macrophyte data derived from aerial imagery, towed 134 
camera surveys were conducted on 46 different transects across the GBW (Fig. 1). 135 
The locations were chosen using expert knowledge (personnel at the Thünen-136 
Institute of Baltic Sea Fisheries and the Department of Geography, University of 137 
Rostock) with the objective of systematically covering and representing the different 138 
strata in the whole GBW (including the different depth zones >2m and bottom types). 139 
The video transects were taken 3 to 10 weeks after the aerial survey. The camera 140 
was towed with a video sledge perpendicular to the shoreline, between 2 and 8m 141 
depth. Deeper areas >6m were often limited by visibility. In order to keep the sledge 142 
in a stable position and to keep a steady distance from the seafloor, metal chains of 143 
1m length were attached to the skids. Video images were viewed in real time to 144 
adjust distance to the seafloor in order to ensure continuous coverage of 0.25 m2 on 145 
film.  146 
 147 
SCUBA diving 148 
A total of 32 transects in the GWB were surveyed using SCUBA between the 25 April 149 
and 13 May to assess and quantify submerged vegetation and amount of spawned 150 
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herring eggs (Fig.1) as well as herring egg mortalities. Locations for diving activity 151 
were chosen based on the aerial images in order to represent and validate the 152 
different habitats in the GWB (including areas classified as unvegetated).  Within 153 
each area, starting positions were randomly chosen. Transects were conducted at 29 154 
locations, 3 of which were surveyed twice (once in April and once in May).  Visual 155 
observation and sampling procedures were conducted following standard methods 156 
(Bäck, 1999, Scabell, 1988). Transects were 150 to 700m straight lines perpendicular 157 
to the nearest shore. Transect depths were 0.4 to 11 m and transects were sampled 158 
until vegetation was absent for >100m. A recreational GPS receiver towed directly 159 
above the dive team recorded the position every 5 s. GPS-time was synchronized 160 
with an underwater watch and a digital underwater camera (Olympus C-4040) to 161 
connect track-data with observations and images. Along each transect, a 1m wide 162 
area on both sides of the transect line was visually inspected on 8 to 12m 163 
subsections (10 kick cycles). The composition of bottom sediments was classified as 164 
either: 1) sand / silt / mud; 2) clay, firm sand bottom; 3) single rocks and boulders < 165 
20 % ground coverage; 4) stone or boulder fields 20-80% ground coverage; 5) rock 166 
bottom with >80 % ground coverage. 167 
The percentage cover of vegetation was estimated by projecting the outline of the 168 
shoots perpendicular to the seabed, meaning that the divers looked at the vegetation 169 
diagonally from above. The relative abundance (in %) of 9 plant types was noted 170 
including: 1) Eelgrass (Zostera marina); 2) Sago pondweed (Potamogeton 171 
pectinatus); 3) miscellaneous Angiospermophyta; 4) Furcellaria lumbricalis; 5) Fucus 172 
sp.; 6) other Rhodophyta); 7) other Phaeophyta; 8) Miscellaneous Chlorophyta; 9) 173 
turf mats - algae that form a dense mat or turf on the substrate (e.g. Pilayella sp.). 174 
The main depth limit of the different plant types (defined as the depth where the 175 
number of shoots/plants per area declined dramatically) was visually determined by 176 
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the diver. The maximum depth limit was set by the recorded maximum depth of 177 
individual shoots/ plants. 178 
The intensity of herring spawning was visually categorized into 4 categories (0 = no 179 
eggs; 1 = single eggs, sparse groups of eggs 2 = continuous layers of eggs; 3 = 180 
multiple layers / clumps of eggs). 181 
Divers took three frame samples (each 25 cm2) after every subsection (~ 10m) and 182 
collected all flora and fauna within a frame for species identification and to assess 183 
egg abundances, development stages and egg mortalities.  184 
3 to 4 frame samples from each transect were stored in seawater and analysed 185 
within 12 hours. All other samples were preserved in 4 % formalin solution and 186 
analysed later.  187 
Sampled macrophytes were identified to species level and weighted. If herring eggs 188 
were present in the sample, embryo development stages (14 stages, see Klinkhardt, 189 
1996) were assessed and the number of dead and living eggs were counted. At least 190 
100 eggs were staged when samples contained large numbers of eggs (> 300). The 191 
total number of eggs was counted or estimated from a weight-based subsample 192 
when > 500 eggs were present.  193 
 194 
Modelling 195 
Macrophyte Coverage Model based on aerial survey and video transects 196 
A vegetation model for the GWB was developed based on the RGB aerial imagery 197 
and validated and complemented with dive and video data. In a first step, surface 198 
distortion of the aerial imagery was removed. To do that, all imagery from the aerial 199 
survey was turned into orthophoto mosaics by geometrical correction based on two 200 
sources of digital terrain models: 1) for the onshore portion the Digital Terrain Model 201 
25 (DGM25) of the Office for Geoinformation, Surveying and Cadastre MV (LAIV) 202 
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was used; 2) for the water body, a depth model based on the data from the German 203 
Maritime and Hydrographic Agency (BSH) was computed. The orthophoto mosaics 204 
were generated using Erdas Imagine 9.3 software.  205 
In a second step, the classification of macrophytes from the orthophoto mosaics was 206 
done semi-automatically in several steps also using Erdas Imagine 9.3. The goal of 207 
the classification was to identify areas with a significant amount of vegetation cover. 208 
The vegetation signal of submerged vegetation changes drastically with the water 209 
depth and the type of macrophytes. Visibility and turbidity as well as the predominant 210 
macrophytes differ within the GWB, making it impossible to apply a single set of 211 
training areas to the whole orthophoto mosaic. Therefore, the imagery was split up 212 
into 31 smaller subsets which were classified individually. 213 
Suitable training areas with vegetation cover were defined based on the results of the 214 
SCUBA transects. The training areas are based on their unique spectral signature 215 
within the red, green and blue bands of the colour images. Individual training areas 216 
were selected using a "region growing approach" (Adams and Bischof, 1994) to 217 
identify pixels with similar spectral characteristics in the aerial image. The identified 218 
pixels of the training areas were then assigned to distinct macrophyte classes (5 to 8 219 
classes per orthophoto subset). Specific macrophyte species were not assigned to a 220 
specific class. The individual classes were then combined into an overall 221 
"macrophytes" class, resulting in the final map of vegetation cover in the study area. 222 
The classification itself was done using a maximum likelihood classifier of Erdas 223 
Imagine 9.3. After the classification isolated pixels were removed automatically (by 224 
median and morphological filters - erosion/dilatation). The imagery was finally 225 
converted to vector data for further GIS analysis and visually controlled for 226 
misclassifications >10m2, which were reclassified manually. Ambiguous areas were 227 
reclassified as unvegetated.  228 
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 229 
In order to quantify macrophyte coverage in the deeper areas, data from the video 230 
transects were used and extrapolated. Videos were stored as a sequence of 15 231 
frames s-1 (DIVX format) and every 5th frame, the presence/absence of algae / 232 
spermatophytes and substrate type in 16 image cells was analysed. To extrapolate 233 
total vegetation coverage, the average macrophyte coverage (%) for each 1m depth 234 
zone was multiplied with the specific depth zone area (km2). 235 
 236 
2) Herring spawning habitat modelling  237 
Classification tree analysis (Venables et al., 1994) was used to model the statistical 238 
relationships between herring spawning activity and GIS-based descriptions of the 239 
environment as well as SCUBA observations of benthic vegetation and substrate. To 240 
compare the explanatory power of GIS and SCUBA measurements, one tree was fit 241 
for each of the two approaches. The presence or absence of herring eggs at each 242 
location was used as the response variable. GIS explanatory variables were: depth; 243 
distance from the 5 m isobaths; coverage of algae within a 50, 100, 200 and 500 m 244 
radius; and density of stones (“stone fields”) within a 50, 100, 200 and 500 m radius. 245 
SCUBA explanatory variables were: mean occurrence of vegetation types; mean 246 
occurrence of substrate types; vegetation type of highest occurrence; substrate type 247 
of highest occurrence; and mean percentage of vegetation. Species composition 248 
data from the SCUBA sampled frames were not used in this analysis. Classification 249 
trees were constrained to a specific minimum group size and maximum number of 250 
splits and all feasible combinations were examined.  251 
Model performance was quantified in terms of the likelihood ratio positive (LR+), 252 
which is defined as the true positive rate of spawning classifications divided by the 253 
false positive rate of spawning classifications. A custom permutation test examined 254 
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the statistical significance of the classification tree where equivalent tree models 255 
were fit to 10000 datasets with randomly shuffled values of herring egg presence. If 256 
the actual model outperformed 95% of models fit to permutated data, it was 257 
considered significant at p< 0.05. All statistical analyses were conducted using the R 258 
programming language (Team, 2013). 259 
 260 
Results 261 
Macrophyte coverage and depth limits 262 
A total of 40.4 km2 (7.05 % of total GWB bottom area) was classified as vegetated 263 
based on the combination of remote sensing and video transect surveys. The 264 
classified macrophytes were not evenly distributed and the vegetation zones existed 265 
mainly in a fringe along the coastline and around islands (Fig. 2). 266 
The target scale of 1:5000 and the image quality led to a minimum size of a 267 
vegetation of 10 m². The minimum detectable coverage in aerial images was about 268 
10 to 30% canopy closure, depending on substrate, water depth and macrophyte 269 
species. Due to the maximum depth of visibility the detection of macrophytes with 270 
aerial imagery was limited to 3-4 m water depths. 271 
A depth threshold of 3 m was set between the aerial image classification and the 272 
extrapolation from the video transects (N= 13964 frames). Hence, for total vegetation 273 
coverage all areas mapped with aerial photographs < 3 m water depth were 274 
combined with extrapolated areas of the video transects ≥ 3m. Video transects, 275 
Diving surveys and remote sensing data identified similar depth dependent trends in 276 
vegetation coverage (Fig.3). Macrophyte coverage maxima were found in shallow 277 
waters at depths of 0 to 3 m and vegetation rapidly decreased in depths > 3 m. 278 
Differences in percentage coverage between the three methods were thought to be 279 
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caused by the different angles of view (remote sensing - vertically view / video tow 280 
and divers - diagonal view) and methodological differences (video tow frame analysis 281 
/ visual diving survey). Additionally, SCUBA transects overestimated abundance due 282 
to sampling the procedure; transects were stopped when vegetation was absent for 283 
>100m. Furthermore, aerial images were taken weeks to months before most of the 284 
underwater surveys and some vegetation growth during this time was expected. Sills 285 
and holes filled with detached and decaying macrophytes were detected at multiple 286 
locations during the underwater surveys.  These decaying plants were not counted 287 
as vegetation by divers but were classified as vegetation in the frame analysis of the 288 
video transects. 289 
Based on SCUBA transects, the depth limit of the phytal zone was between 3.0 and 290 
5.6 m depending on substrate and species composition (Fig. 4). In soft bottom areas, 291 
the main depth limits were between 2.5 to 3.5 m. The most abundant plant species 292 
were common eelgrass (Z. marina) and sago pondweed (P. pectinatus) and to a 293 
lesser extent, other Angiospermatophyta (e.g. Zannichellia palustris, Ruppia 294 
maritima, Myriophyllum spicatum, Ranunculus baudotii, Najas marina and Zostera 295 
noltii).  296 
In areas with stones or boulders, a wide variety of red-, brown- and green- algae was 297 
present. The percent coverage of algae on stones decreased sharply at depths > 4 m 298 
and vegetation was replaced by bay barnacles (Balanus improvius) and blue mussels 299 
(Mytilus edulis). A maximum depth limit of 6 m was found for the vegetation on hard 300 
substrate. The depth zonation of hard bottom habitats could be roughly classified as 301 
follows: Near-shore rocks (0.3 to 1.5m) contained ephemeral filamentous and leafy 302 
algae (e.g. Enteromorpha sp., Polysiphonia nigrescens, Chorda sp., Ectocarpus sp.; 303 
Ulva species, Ceramium sp. Cladophora glomerata and Cladophora. sericea). 304 
Stones and boulders in deeper areas (1.5m < 3m) were mainly covered with  305 
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perennial filamentous algae (e.g., Fucus vesiculosus, Fucus serratus, Furcellaria 306 
fastigiata. The proportion of filamentous and encrusting red algae growing on suitable 307 
hard substrate increased again at depths > 3m (mainly P. nigrescens; minor Bangia 308 
sp., Ceramium sp., Delesseria sp,). The amount of algae decreased rapidly at depths 309 
> 4.5m. 310 
Extensive dense turf mats were found on bottom areas of shallow and wave 311 
protected regions of the GWB, mainly (but not exclusively) in the southwest region. 312 
These turf mats consisted of fast-growing annual algae such as Cladophora spp., 313 
Enteromorpha spp., Ectocarpus spp. or Pilayella littoralis. Perennial habitat-forming 314 
brown- and red- algae and Angiospermophyta in many examined areas were 315 
covered with epiphytes to a modest to high extent. 316 
 317 
 318 
Diving surveys in herring spawning sites 319 
Herring eggs were discovered within 12 out of 32 SCUBA transects. Spawning sites 320 
were located between 0.3m and 4.5m water depth – the latter being the main depth 321 
limit of macrophytes in the GWB. Spawning substratum exclusively consisted of 322 
plants and algae and no living eggs were detected on mussels, bare stones, soft 323 
sediment or at depths exceeding 5m.  Mainly large perennial habitat-forming plants 324 
such as eelgrass, sago pondweed or F. fastigiata and the filamentous thalli of P. 325 
nigrescens were utilized as spawning substratum. These species were also the most 326 
abundant species in the GWB. Within meadows of the aforementioned plants, herring 327 
eggs were also found attached to various other species including U. lactuca, F. 328 
serratus, Enteromorpha spp., Cladophora spp., Myriophyllum spp, R. maritima, Z. 329 
palustris, M. spicatum and N. marina.  There was no significant correlation between 330 
spawning intensity (as indication for spawning substrate preference) and specific 331 
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macrophyte type (log transformed abundance). However, at three locations, divers 332 
noted that herring eggs were found, more or less exclusively, on algae (P. 333 
nigrescens, F. fastigiata) growing on hard bottom substrate while soft-bottom plant 334 
species (Z. marina and P. pectinatus) in the vicinity contained no eggs.  335 
 336 
Herring eggs were not found on drifting or epiphytic algae mats. However, at some 337 
locations, macrophytes with attached herring eggs were found covered by these 338 
algae mats. The abundance of eggs at spawning sites varied from sparsely spawned 339 
areas (500 to 20000 eggs m-2) up to several centimetres thick clumps of eggs (>1.3 340 
million eggs m-²). Based on visual observations, most transect subsections (N = 132) 341 
that contained herring spawn had a categorized spawning intensity of 1 (63 %) while 342 
higher intensities of 2 and 3 occurred less frequently (23% and 14%, respectively). 343 
Based on extrapolation of the frame samples, the mean egg abundance within 344 
transects was between 150,000 and 820,000 eggs m-².  345 
The extent of spawning sites ranged from isolated locations (5 to 10 m2) to very long 346 
stretches on belts of vegetation (approximately 1500 to 2000 m2).  347 
At 5 transects, spawning sites with eggs shortly before hatch (egg stages 11-14) 348 
were detected. The frame samples from these sites were utilized to estimate total 349 
egg mortality (M). Average total mortality at the different transects was between 55 350 
and 91% (Mortality ± Standard deviation (SD); number of frames per spawning site: 351 
75% ±33, N=11; 74% ±36, N=24; 91% ±12, N=24; 69% ±21, N=9; 55% ±14, N=9). It 352 
must kept in mind that our total mortality estimate does not include egg predation or 353 
wave losses due to the fact that we sampled most sites once only. 354 
A generalized additive model (GAM) was used to identify factors affecting egg 355 
mortalities at the 5 spawning sites. Total mortality was best described using a model 356 
including the egg abundance (eggs/m²) (increasing mortality), sampling day (lower 357 
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mortality later in the spawning season) and the nominal factor plant species (R2 (adj) 358 
=  0.377; deviance explained = 42.5%; GCV score = 210.75;  scale est. = 192.42; N = 359 
89). The relationship between high mortality and high spawning densities were also 360 
confirmed by visual observations of the divers. When eggs were laid in multiple 361 
layers and formed clumps, often only the outer layer contained living eggs while the 362 
inner layers were dead. These clumps were frequently infected with various types of 363 
fungi. 364 
 365 
Spawning habitat model 366 
Spatial variograms revealed a high degree of spatial auto-correlation in herring 367 
spawning intensity at the scale of subsections of the SCUBA transects. 368 
Consequently, data were pooled by location (26 with one transect, 3 with both May 369 
and April transects) for all analyses. This resulted in one data point per location, with 370 
herring eggs either present or absent. One location was excluded, because it was not 371 
sampled thoroughly enough to determine whether eggs were present (n = 6 transect 372 
subsections). One location with a very low sample size (n = 2 transect subsections) 373 
was included, because this short transect was sufficient to determine that eggs were 374 
present. Sample sizes at the remaining transect locations varied from n = 11 to 70 375 
subsections, with no significant association between sample size and the overall 376 
presence or absence of eggs (Kendall rank correlation tau = 0.16, p > 0.05). There 377 
was a significant effect of sampling day on the occurrence of eggs (Kendall rank 378 
correlation tau = -0.37, p < 0.05). The implications of this effect are discussed in 379 
detail below. Additional data characteristics, including heteroscedasticity of herring 380 
spawning with respect to predictor variables, and incomplete statistical independence 381 
among predictor variables merited the chosen non-parametric analysis approach. 382 
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Both GIS- and SCUBA-derived variables resulted in statistically significant 383 
classification tree models (Fig. 5) explaining spawning choice by herring (permutation 384 
test, p < 0.05). Each tree showed a primary separation between SCUBA transect 385 
locations of low spawning probability from the rest and a secondary split between 386 
medium and high spawning probability locations. In the SCUBA-based tree, the low 387 
group was characterized by <25% mean vegetation, the medium group by >25% 388 
mean vegetation and 10-80% occurrence of “single rocks and boulders”, and the high 389 
group by >25% mean vegetation and no “single rocks and boulders”. This scheme 390 
correctly classified 6 locations as having eggs and 15 as having no eggs, with 3 false 391 
positives and 4 false negatives. A predicted spawning location was 3.6 times more 392 
likely to have had eggs than not (LR+ = 3.6). In the GIS-based tree, the medium 393 
spawning probability group had a > 1500 m² vegetation coverage within a radius of 394 
100m in combination with 1500 m2- 88500 m2 in a 500m radius and the high group 395 
had >1500 m² vegetation coverage within a radius of 100m as well as 88500m2 – 396 
650000 m2 vegetation coverage within a 500m radius. The GIS model correctly 397 
classified 7 locations as having eggs and 14 sites as having no eggs, with 4 false 398 
positives and 3 false negatives. Predicted spawning locations were 3.15 times as 399 
likely to have eggs than not. Combining both SCUBA and GIS explanatory variables 400 
did not further improve the SCUBA model. 401 
While the SCUBA tree had a slightly better classification performance, the GIS model 402 
was clearly much more useful, since it could be combined with data from aerial 403 
photography to predict medium and high probability spawning areas not sampled in 404 
situ. Based on the GIS model, a map of medium- and high-quality spawning habitats 405 
of herring was produced (Fig 6). 406 
 407 
Discussion 408 
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 409 
The historic situation of macrophytes in the GWB differed remarkably from the 410 
findings of the present study. During the early 20th century, eelgrass and red algae 411 
were reported to occur throughout the GWB with meadows so thick that demersal 412 
trawls became clogged or stuck (Reibisch, 1904). Seifert (1938) reported 90% 413 
vegetation cover with dense spermatophyte-meadows occurring down to 6 m depth. 414 
Carpets of Furcellaria fastigiata and Fucus vesiculosus covered hard and soft 415 
bottoms in the deeper parts (< 8 m) (see Fig. 6). Subklew (1955) and Engelmann 416 
(1964) were the first scientists who reported a decline in macrophyte coverage. 417 
Engelmann (1964) assumed that the decline was caused by benthic trawling activity.  418 
Between 1965 and 1985 intense eutrophication lead to an ecosystem shift from a 419 
macrophyte- to a phytoplankton-dominated ecosystem and total vegetation ground 420 
cover precipitously declined to 3-11% while depth limits of the vegetation zones were 421 
halved (Geisel, 1986, Messner and von Oertzen, 1991).  422 
Following the reunification of East and West Germany in 1990, extensive water 423 
protection measures were implemented in the mid 1990’s and nutrient input to the 424 
GWB decreased considerably. At that time, extensive GWB monitoring surveys 425 
estimated that total macrophyte coverage ranges between 4 and 10% (Vietinghoff et 426 
al., 1995, Bartels and Klüber, 1998, Hübel et al., 1995). 427 
The present study, conducted 12 years after the last extensive survey of the area 428 
(Bartels and Klüber, 1999), demonstrates that the vegetation cover (~7% of GWB) 429 
and depth limit for spermatophytes (4.0m) and algae (6.0m) have not increased. 430 
However,  it should be noted that total vegetation cover estimates in our and in older 431 
studies must be treated with caution and are difficult to compare.  Sampling- and 432 
extrapolation methods and sampling times varied greatly between the studies. Also 433 
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the different methods (aerial imagery, video tows, scuba diving) in our study resulted 434 
in different estimates (Fig.3). Due to the limitations of the different techniques (e.g. no 435 
detection of vegetation in aerial images with less than 10 to 30% canopy closure, 436 
relatively small area covered by the video tow, etc. ) only an approximate value of 437 
total vegetation coverage can be estimated.  438 
Maximum depths limits of macrophytes are easier to determine and our SCUBA and 439 
video tow based findings agree well with previous modelling results in the same 440 
region (Domin et al., 2004). The delay in the recovery of macrophytes and 441 
macroalgae in the GWB despite nutrient input reductions is thought to be caused by 442 
several factors, including the release of iron-bound phosphorus from sediments, 443 
increased sedimentation caused by excessive phytoplankton production, blooms of 444 
filamentous algae and high epiphyte biomass (Munkes, 2005). These various 445 
processes may be causing an hysteresis (Murray and Parslow, 1999, Steckbauer et 446 
al., 2011) in the trajectory and time course of recovery of the GWB macro-447 
phytobenthos community.  448 
The importance of the vegetation zone for the WBSS herring life cycle is underscored 449 
by the finding that all living eggs were attached to submersed vegetation. A total of 450 
13 algae and spermatophyte species were identified as herring spawning substrate. 451 
Our findings support those of others who reported that Baltic herring can use a broad 452 
spectrum of macrophytes as spawning substrate (Kaaria et al., 1997, Aneer and 453 
Nellbring, 1982, Rajasilta et al., 1989). The results of this and other studies indicate 454 
that plant type alone is a poor predictor of herring spawning activity (Rajasilta et al., 455 
1993, Aneer et al., 1983) and that the final choice of spawning substrate may depend 456 
on both the type and availability of different substrates (Rajasilta et al., 1989). 457 
In our spawning model the best spawning predictors were vegetation area thresholds 458 
within a radius of 100 m and 500 m, meaning that large underwater meadows attract 459 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
19 
 
spawning herring (Fig.7). Although the correlation between large and dense 460 
meadows and herring spawning is a relatively basic (and largely intuitive) finding, our 461 
spatial prediction of potential herring spawning grounds seems ecologically sound 462 
and agrees with most of the known herring spawning sites in the GWB. Observations 463 
of intense spawning activity within dense meadows have also been reported for other 464 
spawning sites in the Baltic Sea (Scabell, 1988, Kaaria et al., 1997). Spawning 465 
habitat models constructed for Finnish and Swedish archipelagos in the Baltic Sea 466 
indicated the importance of broad vegetation zones (Kaaria et al., 1997, Aneer, 1989, 467 
Šaškov et al., 2011, Rajasilta et al., 1993). A second predictor for these archipelago 468 
regions was the close proximity of the spawning sites to deeper areas. However, 469 
within the semi-enclosed, shallow GWB, the factor “distance to 5m isobaths” had low 470 
explanatory value. 471 
As noted in the methods section, the fraction of SCUBA transects with herring eggs 472 
decreased significantly with sampling date (Kendall rank correlation tau = -0.37, p < 473 
0.05). Evidence for spawning was found at 9 of 15 locations from 25 April to 11 May, 474 
but only at 3 of 16 locations on 12 and 13 May. This apparent temporal effect 475 
probably resulted from a combination of residual spatial autocorrelation (some 476 
nearby sites were sampled on the same day), hatching of fertilized embryos and 477 
degradation of unfertilized eggs over time. Complete degradation is unlikely to have 478 
been important since the highest category of spawning intensity could still be 479 
observed on the final day of sampling. Second, the changes in egg abundance were 480 
observed at three locations repeatedly sampled in both April and May. At two 481 
locations, eggs were observed in 73 to 100% of the samples but only 45 to 91% of 482 
the samples 17 days later. At the third location, which had the lowest (non-zero) 483 
spawning intensity, eggs were initially observed in 10% of transect subsections but 484 
no eggs (0%) were observed eight days later. This suggests that the habitats of 485 
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primary interest (high spawning areas) were easy to detect throughout the study, 486 
while areas with very low spawning activity were not. In any case, the temporal 487 
pattern may have influenced SCUBA and GIS classification tree models. With 488 
respect to model performance, this likely resulted in a decrease as opposed to an 489 
artificial inflation of the LR+ metric, because 100% of false positive classifications 490 
corresponded to locations sampled late (May 11-13). Thus, the models were 491 
statistically significant despite potential confounding effects of time, not because of 492 
them. Nevertheless, the predictive power of the classification trees remains to be 493 
validated against additional, independent data. It was interesting to note that 494 
underwater measurements of vegetation only yielded a small increase in model 495 
performance relative to aerial photography and GIS (LR+ values of 3.6 and 3.15), 496 
which is an important finding when designing monitoring programs. That finding was 497 
consistent with the structure of the GIS model, in that higher resolution data 498 
(vegetation inside 50m) was not as important as larger scale patterns (vegetation 499 
inside 100 and 500m). The most important spatial scale for herring spawning 500 
decisions appears to be  ~ 50 to 500 m. A caveat in our model was the role of stone 501 
and boulder fields in the deeper parts of the GWB (between 3 to 5m depth). These 502 
boulder fields were often not classified as vegetation due to the limitation of remote 503 
sensing but they could be utilized as spawning sites when sufficiently vegetated. 504 
Finally, herring spawning at the GWB has been observed from March through June 505 
(Scabell, 1988), a slightly longer time period than the sampling period of our SCUBA 506 
surveys. Despite these limitations, our habitat prediction model is thought to be a 507 
useful guide for further studies of herring spawning sites in the GWB and other areas. 508 
Herring display a strong degree of spawning site fidelity (Rajasilta et al., 1999) and 509 
the loss of approximately 90% of potential spawning habitat within the last century 510 
has likely impacted the reproduction potential of herring in the GWB. Decreasing 511 
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herring stocks have been observed after large reductions in seagrass due to wasting 512 
disease in both the Wadden Sea (southern North Sea) in the 1930s (Wohlenberg, 513 
1935) and the White Sea in the 1960s (Goscheva, 1970, Polte and Asmus, 2006). 514 
Herring may be able to compensate, to some extent, for changes in the composition 515 
or disappearance of submerged vegetation by depositing more eggs on the 516 
remaining vegetation and/or by switching to different substrate. In the northeast Baltic 517 
Sea, herring has started to spawn on bare sediments, leading to an increased 518 
mortality of embryos (Raid, 1990). Nonetheless, changing spawning depth, plant 519 
species utilized and/or concentrations of eggs deposited can have tradeoffs in terms 520 
of increased embryonic mortality. For example, thick masses of eggs suffer from 521 
decreased dissolved oxygen and increased metabolites concentrations, both of 522 
which lead to higher embryo (egg) mortality (McMynn and Hoar, 1953, Ojaveer, 523 
1981, Haegele and Schweigert, 1985). Under pristine conditions, eggs of Baltic 524 
herring are deposited sparsely on algae and not in several layers (Rannak, 1958). In 525 
contrast, the present study found relatively high densities of eggs (intensity 2 and 3) 526 
at 37 % of the spawning sites. Dissolved oxygen concentration (not measured in this 527 
study) often decline with increased coverage of algal turf mats and epiphytic algae 528 
(Norkko and Bonsdorff, 1996). Furthermore, herring spawning beds are now 529 
concentrated in relatively shallow waters where eggs can suffer direct mortality from 530 
wave action (Haegele and Schweigert, 1985). The average total mortality of 55 to 531 
91% during our study was high in comparison to 32 % reported for the same area 532 
(Scabell, 1989) and to 4 - 25 % reported for other Baltic areas (Ojaveer, 1981, 533 
Rajasilta et al., 1993, Aneer and Nellbring, 1982).  However, our mortality estimates 534 
were based on five spawning sites only and they might not be a good representation 535 
of the overall hatching success in 2009.  Multiple intrinsic and extrinsic factors can 536 
influence hatching success. For example, a recent study in the urbanized Puget 537 
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Sound (USA) found that available suitable spawning vegetation is not a limiting factor 538 
but suggested that the effects of different land use patterns may affect hatch success 539 
(Shelton et al., 2014). 540 
It would be short-sighted to suggest that poor herring recruitment of WBSS observed 541 
since 2004 was solely due to spawning habitat degradation. The impacts of 542 
eutrophication such as the massive loss of vegetation, increased turbidity and 543 
sedimentation, and high amounts of epiphyte biomass in the GWB were already 544 
apparent in the late 1980s. The recent recruitment failures are more likely caused not 545 
only by eutrophication effects but rather by additional “new” factors like changing 546 
climate (Gröger et al., 2014). Future research is needed not only to identify causal 547 
mechanisms of poor recruitment of herring but also factors delaying or hampering the 548 
recovery of macrophytes in the GWB. Similar reductions in spawning habitat are 549 
occurring in other Baltic areas (Rajasilta et al., 1999). Given the importance of 550 
herring to the ecosystem dynamics of the Baltic Sea, it is advisable to halt further 551 
losses of spawning habitat due to coastal construction, such as power plants or gas 552 
pipelines until recruitment mechanisms are known in detail. 553 
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 713 
Figure 1. (left) Map of northeast Europe with a black box indicating the spawning 714 
area of the southwest Baltic Sea spring-spawning herring (Clupea harengus). The 715 
small red box shows the location of Greifswalder Bodden. (right) Location of video 716 
transects (red lines) and diving transects (black points) in the Greifswalder Bodden 717 
examining submerged aquatic vegetation and spawning intensity of herring. 718 
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 719 
 720 
Figure 2. Submerged vegetation (green) based on remote sensing and stone fields > 721 
5m depth (brown points) located by side-scan sonar in Greifswalder Bodden, in the 722 
southwest Baltic Sea. 723 
 724 
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 727 
 728 
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Figure 3. Macrophyte coverage (%) in different depth zones in Greifswalder Bodden 737 
(southwest Baltic Sea) based on a towed video sled (A), remote sensing (B) or 738 
SCUBA-diving (C). 739 
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Figure 4. Violin plot (combination box with median, interquartile range, and kernel 743 
density plot) of the depth distribution and normalized abundance (width) of nine 744 
different species/group categories of submerged vegetation based on SCUBA diving 745 
observations in the Greifswalder Bodden, southwest Baltic Sea. 746 
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Figure 5. Regression tree analyses of spawning sites utilized by Atlantic herring 755 
(Clupea harengus) in the Greifswalder Bodden, southwest Baltic Sea. In the SCUBA-756 
based tree (left), the key factors were vegetation coverage (threshold at 25% cover) 757 
and the occurrence of single rocks and boulders (threshold at 10% cover). In the 758 
GIS-based tree (right), the key factors were vegetation cover thresholds of a radius of 759 
at least 100 m (area of 1500 m2) and 500 m (88,500m2).  760 
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Figure 6. The historical (1940ies) situation of submerged vegetation (green) in the 764 
Greifswalder Bodden.  Map was based on the species distribution reported by Seifert 765 
(1938), Subklew (1955) and Munkes (2005). 766 
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Figure 7. Herring (Clupea harengus) spawning habitat prediction model. Hot spots of 774 
2009 spawning activity are shown as predicted by regression tree model (500m 775 
model (64% probability) in red and 100m model (33% probability) in orange). Those 776 
areas are compared to regions where herring eggs were found by Scabell (1988) and 777 
in unpublished data collected prior (2008) and after (2011) this survey.  778 
(2009) 
